1] The variation of El Niño Southern Oscillation (ENSO) events from the mid-nineteenth century until the beginning of the twenty-first century is explored using an ocean reanalysis. A comparison of the reanalysis with three sea surface temperature reconstructions shows that the timing of events is similar in all four products, however there are important differences in the strength and location of events. The difference between the reconstructions is sometimes larger than the difference between the reanalysis and a given reconstruction. These differences are larger in the first half of the record, a period for which there are relatively sparse observations. The reanalysis is used to explore decadal variability and trends in the frequency, duration, and propagation direction of ENSO events. There is considerable decadal variability of these ENSO characteristics with the time between events ranging from several months to ten years and the duration of ENSO varying from 5 to 27 months. As has been previously shown for the strength and location of ENSO there is little overall trend in the characteristics. Having a three dimensional representation of the ocean from the reanalysis allows exploration of subsurface changes during ENSO. An analysis of subsurface anomalies shows that during ENSO events the subsurface anomalies are highly correlated with the strength of surface anomalies over the 140 year period. Overall, there is no evidence that there are changes in the strength, frequency, duration, location or direction of propagation of El Niño and La Niña anomalies caused by global warming during the period from 1871 to 2008.
Introduction
[2] This paper addresses the issue of whether ENSO has changed over the period from 1871 to 2008. It is widely agreed that the earth's average temperature has warmed over this period of time. What is far less clear is how this warming trend has altered forms of climate variability such as ENSO. The consequences of an altered ENSO could be considerable. For example, Schubert et al. [2004] show that a cool tropical Pacific Ocean and a warm Atlantic Ocean accompanied and aided the dry conditions in North America during the Dust Bowl years. Since El Niño in the Pacific is associated with excess wintertime rainfall in southwest U.S., having reduced El Niño during these years may be responsible for the dry conditions in North America at the time. To provide a context for assessing future climate change it is important to under stand the range of variability of climate phenomena such as ENSO.
[3] Evidence from coral records and other proxy data suggest that the nature of ENSO has varied considerably in the past. Recent studies suggest a prominent modulation in El Niño strength and frequency [Cole et al., 1993; Tudhope et al., 2001; Cobb et al., 2003; D'Arrigo et al., 2005; Li et al., 2011] over centennial to millennial timescales. There is also research that suggests ENSO will change in the future due to warming of earth's climate [Philip and van Oldenborgh, 2006; Merryfield, 2006; Zhang et al., 2008; An et al., 2008; Yang and Zhang, 2008; Ye and Hseih, 2008] . The studies of changing ENSO using the paleoclimate records suffer from high uncertainty and sparse coverage, and studies of changing ENSO in the future are limited by uncertainty in the models used. In this paper we concentrate on a period of time for which there is relatively good spatial and temporal observational coverage, using a methodology that reduces some of the model uncertainty.
[4] There are numerous published articles that document trends and decadal variations in El Niño including changes in frequency [Timmermann et al., 1999; Trenberth and Hoar, 1996; An and Wang, 2000] , strength Vecchi and Wittenberg, 2010] and location of the warming in the equatorial Pacific [Yeh et al., 2009] . Changing external forcing, such as increased concentration of CO 2 and volcanic eruptions might also alter ENSO, although there are studies that have shown little response to changes in external forcings [van Oldenborgh et al., 2005; Coelho and Goddard 2009] . Hoar [1996, 1997] argue that there has been an increase in the occurrence of El Niños since 1976 and suggest that the change is due to global warming. Lee and McPhaden [2010] show an increase in intensity and occur rence of El Niño events in the central equatorial Pacific since the 1990s, which they suggest increased the temperature of the warm pool region in the western Pacific. A change in the propagation characteristics of anomalous warming during El Niño from an eastward propagating direction before the 1970s to a westward propagating direction after the 1970s has been highlighted by several studies [Fedorov and Philander, 2000; Wang and An, 2002; Trenberth et al., 2002] . In recent years studies indicate changes in the onset of El Niño [Wang 1995] during the late 1970s. An and Wang [2000] and Fedorov and Philander [2000] show that weakening of east erlies to the west of the dateline and a change in the periodicity of El Niño from 3 to 5 years occurred in coincidence with a deepening of the thermocline from the 1960s to the 1990s.
[5] Most of these studies use records that are relatively short, on the order of 50 years or less. However, as pointed out by DelSole and Tippett [2009] , records shorter that 50-60 years are not sufficient to detect trends in a mode of variability such as ENSO. To address the need for long-term SST records several reconstructed SST data sets have been developed. Spatially and temporally complete global data sets such as HadISST1 [Rayner et al., 2003] , Kaplan SST v2 [Kaplan et al., 1998] , and ERSST [Smith and Reynolds, 2005; Smith et al., 2008] are generated by using statistical interpolation techniques to "reconstruct" the SST field. One drawback of these reconstructions is that they use patterns of climate variability in times of dense observations (mostly the latter part of the twentieth century) to generate patterns of variability for periods of sparse observations. An alternative, the method used here, is to use an ocean reanalysis. In this paper we first compare SST from the ocean reanalysis with three widely used SST reconstructions. We then use the reanalysis to look at change of ENSO characteristics for the period 1871-2008. We finish by looking at the subsurface ocean response during ENSO, something that cannot be done with SST reconstructions.
Methods
[6] To explore changes in El Niño and La Niña an ocean reanalysis incorporating the Simple Ocean Data Assimila tion (SODA) methodology [Carton and Giese, 2008] in an ocean general circulation model is used. This model was used for earlier versions of the SODA ocean reanalysis [Carton et al., 2000a [Carton et al., , 2000b Carton and Giese, 2008; Giese and Ray, 2011] . The ocean general circulation model is based on the Parallel Ocean Model (POP) [Smith et al., 1992] version 2.0.2 and has an average horizontal resolu tion of 0.25 o x 0.4 o with 40 vertical levels with 10-m spacing in the upper 100 m. The domain of the model is global, and the grid is distorted in northern latitudes to allow for a dis placed North Pole in order to resolve the Arctic Ocean. The meridional resolution increases poleward of the tropics and reduces the grid anisotropy that comes about in Mercator coordinate grids due to convergence of meridians at high latitudes. The K-profile parameterization (KPP) scheme is used in the vertical mixing scheme and lateral subgrid-scale processes are modeled using a biharmonic-mixing scheme. Rivers are included with climatological seasonal discharge. There is no explicit sea ice model but surface heat flux is modified when the sea surface temperature reaches the freez ing point of seawater.
[7] The details of the SODA assimilation system are described by Carton et al. [2000a] and Carton and Giese [2008] . In brief, the assimilation is carried out in a 10-day cycle with corrections introduced incrementally at every time step. The model output variables (temperature, salinity, velocity) are averaged and stored at 5-day intervals. The output is remapped onto a uniform global 0.5 o x 0.5 o hori zontal grid (720 x 330 x 40 points) using the horizontal grid spherical coordinate remapping and an interpolation package with second-order conservative remapping [Jones 1999 ]. Monthly averages are computed and used for this analysis. Although observation density varies considerably over the period of study, Carton et al. [2012] show that in the tropical Pacific Ocean the assimilation makes an important contri bution to resolving ENSO even during periods of sparse ocean observations such as during the early part of the twentieth century.
[8] The surface boundary conditions are obtained from the latest available atmospheric reanalysis of the Twentieth-Century Reanalysis Project (20CRv2) [Compo et al., 2011] . 20CRv2 is a first attempt to compute a reanalysis of the global troposphere that extends back to the nineteenth century. The surface wind stress from the atmospheric reanalysis is used for the surface momentum flux in the ocean reanalysis. Solar radiation, 2 m air temperature, specific humidity, cloud cover, 10 m wind speed, and precipitation are used in the bulk formulas to calculate the heat and fresh water fluxes used by SODA 2.2.4. A second "simulation" run (SODA 2.2.0) of the model with similar boundary conditions as SODA 2.2.4 but without data assimilation is also performed.
[9] The data assimilation package uses both surface and subsurface observations. Surface temperature data comes from the ICOADS 2.5 data set. Subsurface temperature and salinity observations are obtained from the World Ocean Database 2009 (WOD09) [Boyer et al., 2009] . WOD09 includes all available hydrographic observations collected from buoys, and ships using expendable bathythermograph (XBT) and mechanical bathythermograph (MBT).
[10] Other data sets used include HadISST1 developed at the Met Office Hadley Center for Climate Prediction and Research (HadISST) [Rayner et al., 2003] , the Kaplan extended sea surface temperature version 2 (Kaplan) [Kaplan et al., 1998] , and the Extended Reconstructed Sea Surface Temperature version 3 (ERSST) developed by the National Oceanic and Atmospheric Administration (NOAA) [Smith and Reynolds, 2005; Smith et al., 2008] . HadISST is a com plete field of globally gridded (1 o x 1 o ) monthly SST and sea-ice concentration data from 1871 to the present. A twostage reduced space optimal interpolation (RSOI) procedure is used to reconstruct the SST field with EOFs used to define the spatial structure of SST variability. The RSOI recon struction is performed in two stages: the long-term climate variability is constructed first followed by the interannual variability. Kaplan SST is a global analysis of monthly SST produced using three statistic-based methods: optimal smooth ing, a Kalman filter and optimal interpolation. Kaplan SST also uses the RSOI but the reconstruction is performed in only one stage. ERSST is a monthly and globally complete gridded SST data set generated with statistical methods that allow stable reconstruction using sparse data. ERSST reconstructs the low frequency component and the high frequency component sep arately before merging them as the total reconstruction.
[11] To define SST anomalies we remove an 11-year run ning climatology. This approach is similar to that used by Fedorov and Philander [2001] . This technique results in a climatology that is long enough to be largely unaffected by a strong El Niño or La Niña event but is short enough to remove decade-to-decade variability and trends that make the interannual signal difficult to analyze. The first five years (1871-1875) and the last five years (2004) (2005) (2006) (2007) (2008) have a fixed climatology based on the first and last 11-year periods. Giese and Ray [2011] show that there are some small changes in the amplitude of interannual anomalies as a result of using an 11-year climatology compared to anomalies calculated by removing a constant climatology, but the timing and duration of events remains the same.
[12] In this paper we use an ENSO metric called the Center of Heat Index (CHI) as proposed by Giese and Ray [2011] to measure the amplitude and location of interannual temperature anomalies. CHI is the first moment of SST anomaly and has two components, CHI amplitude and CHI longitude. CHI amplitude is the average temperature anomaly calculated over a region for which the temperature anomaly is greater than 0.5 o C (or less than -0.5 o C) subject to the constraint that the area of the warm anomaly is greater than the Niño 3.4 region. CHI longitude is the temperature-weighted center of this warm anomaly. The search domain is the equatorial Pacific (from 120 o E to 70 o W and from 5 o S to 5 o N). By our definition to qualify as an El Niño event the CHI amplitude must exceed 0.5 o C for 5 consecutive months. To qualify as a La Niña event the CHI amplitude has to be less than -0.5 o C for 5 consecu tive months.
Results
[13] We begin our analysis by comparing the CHI to the SST anomaly averaged over the Niño 3.4 region. The Niño 3.4 region spans from 170 o W-120 o W and from 5 o S-5 o N. Figure 1 shows the CHI amplitudes for El Niño and La Niña events compared to the Niño 3.4 index. The CHI amplitude and the Niño 3.4 index show high correlation for both El Niño (r = 0.9) and La Niña (r = 0.8) conditions. Figures 1a and 1b show that the CHI tends to be greater than Niño 3.4 SST anomaly for weak events, and tends to be less than Niño 3.4 SST anomaly for strong events. This is due to the fact that El Niño strength is correlated with the area of warming [Giese and Ray, 2011] . Weak, and therefore often small, events are unlikely to span across the entire Niño 3.4 index, and so the Niño 3.4 region under-represents the strength of the event. Alternatively, strong, and therefore large events, likely encompass an area greater than the Niño 3.4 region. Since the Niño 3.4 region represents a subset of the warming temperature anomalies in this region likely over-represents the strength of the event. Although the CHI metric is used as an alternate to Niño 3.4 index, the high correlation with the index show excellent agreement of El Niño and La Niña strengths between the two indices.
Comparison With ERSST, HadISST, and Kaplan SST
[14] One way to evaluate the historical ocean reanalysis is to compare ENSO in the reanalysis with previously published SST reconstructions. The CHI amplitude for SODA and the three reconstructions is shown in Figure 2 . Variability in the strength of CHI-amplitude for El Niño from ERSST v3 ( Figure 2b ) and HadISST (Figure 2c ) resemble very closely the variability in the strength of CHI amplitude of El Niño from SODA 2.2.4. Both ERSST v3 and HadISST show strong El Niño periods in the late nineteenth and the late twentieth cen tury with weaker events in between, similar to those in SODA 2.2.4. However, CHI amplitude in Kaplan v2 ( Figure 2d ) shows stronger El Niños in the late twentieth century.
[15] A comparison of CHI amplitude for El Niño events between the reconstructed SST and SODA 2.2.4 shows how different the products are in terms of measuring the strength of El Niño. The lower panel of Figure 3a shows a high correlation between the CHI amplitudes of ERSST and SODA 2.2.4. To distinguish the products for periods of varying density of observations, the data sparse periods are plotted in red and the data dense periods are plotted in blue ( Figure 3 ). The CHI amplitudes from ERSST and SODA 2.2.4 agree very well during periods of dense observations (0.96) as well as during periods of sparse observations (0.76). Even with HadISST CHI amplitudes for El Niño show high correlation with that from SODA 2.2.4 during both periods (0.94 and 0.78) ( Figure 3b ). CHI amplitude from Kaplan v2 shows a correlation of 0.94 with SODA 2.2.4 for the data dense period and 0.68 for data sparse period (Figure 3c ). Overall, SODA 2.2.4 shows better agreement with ERSST than either HadISST or Kaplan v2. The strength of La Niña events in SODA 2.2.4 correlates best with ERSST v3 (0.85) followed by HadISST (0.78) and Kaplan v2 (0.74) in the data dense periods (Figure 4 ).
[16] A similar comparison, but for CHI longitude, shows differences in the location of the center of warming. During periods of dense observations the CHI longitude from ERSST and SODA 2.2.4 is correlated at 0.87 for warm events (Figure 3a ). El Niño locations in SODA 2.2.4 are well cor related to those in HadISST at 0.77 during periods of dense observations, although during periods of sparse observations they are nearly uncorrelated (Figure 3b ). Figure 3c shows a similar relationship for CHI longitudes from Kaplan v2. El Niño locations in SODA 2.2.4 are also well correlated with Kaplan v2 (0.82), although only during the data dense period. The difference in CHI longitude between the reconstructions and SODA 2.2.4 is prominent west of 140 o W in the centralwestern Pacific. This is likely due to the method used in reconstructing SST data in data sparse periods. As for El Niño events, the location of La Niña events in SODA 2.2.4 are less well correlated with ERSSTv3 (0.51), HadISST (0.58), and Kaplan v2 (0.65) during data sparse periods, but are better correlated in data dense periods (0.85 with ERSST v3, 0.85 with HadISST and 0.89 with Kaplan v2).
[17] The debate over the long-term variability in the position of El Niño warming therefore becomes complicated using the reconstructed data products. Although the strengths of the El Niño are comparable between the reanalysis and the reconstructions the locations of warming diverge significantly. ERSST (10.8) and HadISST (10.9) compared to SODA 2.2.4 (12.5) and SODA 2.2.0 (14.5) indicates a more local ized occurrence of El Niño in ERSST and HadISST com pared to the reanalysis. The distributions of CHI longitude are negatively skewed in ERSST (-0.65) and in HadISST (-0.56), which is in contrast to that in SODA 2.2.4 (0.1). This implies that the center of the warm anomaly during El Niño is further east in the reconstructions when compared to the reanalysis. An interesting observation here is that the distributions from ERSST v3 and HadISST failed the Lillie fors test, which tests the null hypothesis of whether two dis tributions are from the same family of Gaussian curves. Thus the null hypothesis that the distributions cannot be distin guished from a Gaussian has to be rejected. This implies that the El Niño location in ERSST v3 and HadISST could not be considered to have a single mean longitude about which all other El Niño locations are randomly distributed.
[18] Figure 5 shows histograms of CHI longitude of El Niño events from SODA 2.2.4, ERSST, and HadISST for periods of sparse observations Figure 5e ) differ only by one degree in both ERSST and HadISST. That the location of ENSO is so similar in the two periods may be due to the computed EOF pattern of SST from the data dense periods that was used to reconstruct SST data in the data sparse periods . The SST reconstructions in data sparse periods could thus be dominated by the strong El Niño events of 1982-83 and 1997-98, which could result in the sharp peak in the CHI longitude histograms with low standard deviations.
ENSO Frequency, Duration, and Direction of Propagation
[19] In a recent paper Giese and Ray [2011] show that there is prominent decadal variability in ENSO strength and loca tion during the twentieth century, but there is little overall trend in either. We extend that work by looking for trends in ENSO frequency, duration, and direction of propagation.
ENSO Frequency
[20] Figure 6 shows the occurrence of El Niño and La Niña during the period 1871-2008 in terms of the elapsed time between consecutive events. The longest elapsed time (120 months) occurs between the El Niño of 1929/31 and the El Niño of 1940/42. There were frequently occurring El Niños during the late nineteenth century and the begin ning of the twentieth century, during the 1950s, and during the end of the twentieth century. Overall there is no clear trend in the frequency of El Niño. The distribution of the frequency of El Niño has a mean of 3.9 years (46.6 months) with a standard deviation of 1.9 years (22.8 months). Using the Lilliefors test the distribution of wait times of El Niño events cannot be distinguished from a Gaussian with a p-value of 0.12 and a test statistic of 0.14.
[21] One question that arises is how many events are required to detect a change in ENSO frequency. Using sta tistical tests we calculate the minimum number of events required to reliably determine a change in the mean wait time (frequency) of El Niño events at the 95% confidence level. Consider two normally distributed populations of wait times of El Niño events. The first population represents ENSO as it has been in the past. This distribution has n 1 events (in our case this is the 34 ENSO events from 1871 to 2008) with a mean wait time of m 1 months and with a standard deviation of s 1 . Using the SODA record m 1 is 46.6 months and s 1 is 22.8 months. We wish to find how many events (n 2 ) are required to detect a change (d) in the frequency from m 1 to m 2 at the 5% significance level. We calculate n 2 using the Student's t-test for d = 4 months, d = 8 months, and d = 12 months. We assume that the standard deviation of the second population is the same as it has been in the past (s 2 = s 1). The Student's t-test returns 42 events (n 2 = 42) that would be needed to reliably detect a change in the mean frequency of 8 months and 251 events (n 2 = 251) to detect a change in the mean frequency of 4 months at the 5% significance level.
[22] Table 1 shows the number of events (n 2 ) needed for different changes in the mean frequency (d) of events and for varied standard deviations (s 2 ) at a 5% significance level. The table shows that as the standard deviation of the distri bution of the second sample decreases, the number of events required detecting the same change in the mean frequency decreases as well. For simplicity, the distribution of wait time for the second sample, which can be interpreted as the excess number of events needed to detect a change in the mean frequency is the same as that for the 34 El Niño events in the reanalysis. However, such an assumption is not flawless, as the distribution of wait times between events can change. The analysis shows that 34 El Niño events (if not fewer) in 138 years are not sufficient to identify a change in the mean frequency of El Niño events. Enfield and Cid [1991] per formed a similar statistical analysis of multicentury climate data to show that El Niño frequency had not changed since 1525. Figure 6b shows the corresponding frequency of La Niña events from 1871 to 2008 in terms of the wait time between consecutive La Niña events. The intervals between consecutive La Niña events are more widely distributed than for El Niño events. After 1976 there are fewer La Niña events that occur after longer waiting times compared to El Niño events. The mean frequency of La Niña is 55.6 months (�5 years) and the standard deviation of the fre quency for La Niña is 29 months (�2.5 years). Both the mean and standard deviation for La Niña events are larger than for El Niño events. (Figures 6c and 6f ). The distribution of location of El Niño events is shown in each plot with the mean location.
ENSO Duration
[23] Figure 7a shows the variation in the duration of El Niño events from 1871 to 2008. The duration of an event is taken to be the number of consecutive months for which CHI ampli tude is greater than or equal to 0.5 o C. The mean duration for El Niño events is 12.4 months with a standard deviation of 5.7 months. The duration of El Niño is highly variable ranging from just 5 months (1881, 1945, 1948, 1994/95, 2003/04) to as long as 27 months . Interestingly, the longest event is the El Niño of 1940-42, which occurred after a period of 10 years without an El Niño. The El Niños before the 1940-42 warming tend to cluster either at long duration (about 2 years) or short duration (about 10 months). After the El Niño of 1940-42 most of the El Niño events were of approximately one year in duration.
[24] Figure 7b shows the duration of La Niña events over the 138-year record of study. The time series of duration shows that both short-lived and long-lived La Niña events occur consistently throughout the record. The mean duration for La Niña events is 15.2 months with a standard deviation of 8 months. The duration of La Niña is also highly variable ranging from 5 months (1876, 1945) to as many as 30 months (1998) (1999) (2000) . Earlier we noted that the period between 1930 and 1940 experienced weak La Niña events; Figure 7b shows that during this time the duration of La Niña is short as well. Comparing Figure 7a and Figure 7b shows that in recent years short duration El Niño events occur whereas the dura tion of La Niña is generally long. Overall the mean duration of La Niña events is longer than the mean duration of El Niño events. Okumura and Deser [2010] suggests that the influ ence of the Indian Ocean on wind anomalies in the western equatorial Pacific is a possible cause of the asymmetry in the duration of El Niño and La Niña. Okumura et al. [2011] demonstrate this hypothesis using AGCM experiments and show an additional contribution of off-equatorial winds that influence SST anomalies in the equatorial Pacific.
ENSO Direction of Propagation
[25] Fedorov and Philander [2001] propose a theory to explain eastward and westward propagating anomalies of El Niño. They argue that a deep thermocline with weak background winds favors eastward propagation and a shallow thermocline with strong background winds favors a westward propagation. McPhaden and Zhang [2009] explore the direction of El Niño propagation for the period from 1950 to 2008. They use the Reynolds et al. [2002] blended satellite and in situ SST analysis for the period 1981-2008 and the Smith et al. [2008] in situ SST analysis for the period 1950-1981 to show that a change in the phase propagation of SST anomalies during El Niño from westward to eastward occurred after the mid-1970s. Their analysis shows little change in phase propagation of La Niña. Figure 8a shows a composite of the 34 El Niños from SODA 2.2.4 for the period from 1871 to 2008. The first indication of positive anomalies occurs in early year 0 with weak anomalies near the Dateline that propagate eastward. However, anomalies greater than 0.5 o C seem to have a weak westward propa gation. From the composite of the entire record there does not seem to be a significant propagation of anomalies during El Niño. Figure 8b shows the composite over the period 1980-2008; the period examined by McPhaden and Zhang [2009] . This composite shows weak warm anomalies from The number of events (n 2 ) is shown for different mean wait times (m 2 ) and different standard deviations (s 2 ); d 1 , d 2 and d 3 represent the change in the mean frequency of El Niño. year -1 near the Dateline, which then propagate eastward during the middle of year 0. The warmest anomalies show negligible phase propagation. Figure 8c shows the composite of SST anomalies for 1950-1976, which was also analyzed by McPhaden and Zhang [2009] . During this period the com posite shows a westward propagating anomaly in agreement with McPhaden and Zhang [2009] . Figure 8d shows the composite of El Niño for the period 1871-1941. This period shows eastward propagation of anomalies warmer than 0.5 o C west of 160 o W. However, the anomalies across the equatorial Pacific basin appear to start and end simultaneously during the period.
[26] The surface anomaly is directly influenced by the wind anomaly above to the first order. The composite of zonal wind anomalies during El Niño events for the four periods is shown in Figure 9 . During the period from 1871 to 2008 there is a prominent eastward zonal phase propagation of westerly wind anomalies. Similar eastward phase propagation is seen in the composites of 1980-2008 ( Figure 9b ) and 1871-1941 ( Figure 9d ). However, the composite of events from 1950 to 1976 (Figure 9c) show westerly wind anomalies moving eastward west of the Dateline and moving westward east of the Dateline. 1871-2008, (b) 1980-2008, (c) 1950-1976, and (d) 1871-1941 . Anomalies greater than 0 o C are shaded, and anomalies greater than 0.5 o C are contoured at an interval of 0.2 o C.
[27] Figure 10a shows the composite SST anomaly for La Niña events over a span of four years during 1871-2008. The composite shows a slight westward propagation of anomalies colder than -0.5 o C although normal conditions return simultaneously across the basin. Figure 10b shows the composite of SST anomalies for La Niña event during the period 1980-2008. During this time there is a prominent reappearance of cold anomalies in the end of year +1. This elongates the duration of La Niña events during this period further as is also evident in Figure 7b . Figure 10c shows the composite of anomalies of SST for La Niña during 1950 Niña during -1976 . This period shows a clear westward propagation of cold anomalies. Figure 10d shows the composite of SST anomalies for La Niña events during 1871-1949. The period also shows westward propagating anomalies. The westward zonal phase propagation of SST anomalies during La Niña is evident in all the composites.
Subsurface ENSO
[28] One of the advantages of having reanalysis data is that it contains a representation of the subsurface that is not available from a SST analysis. The center of warming in the subsurface is examined to measure the subsurface anomalies and their location during El Niño. Since subsurface anoma lies are larger than surface anomalies a two-dimensional CHI of the subsurface was constructed for anomalies greater than 1 o C. The search region for the subsurface CHI is between 120 o E to 70 o W and between 0 and 400 m of depth. The three metrics for measuring the subsurface warm anomaly during El Niño are the amplitude of the subsurface warming Composites are for El Niño during (a) 1871-2008, (b) 1980-2008, (c) 1950-1976, and (d) 1871-1941. Westerly zonal wind anomalies are shaded, and anomalies greater than 0.01 dynes/cm 2 are contoured at an interval of 0.01 dynes/cm 2 .
(CHI amplitude), the longitudinal location of the warming (CHI longitude), and the depth of the center of warming (CHI depth). The subsurface CHI amplitude has a mean of 1.8 o C with a standard deviation of 0.5 o C and a skewness of 1.14, which are close to the values of CHI amplitude for SST. The subsurface CHI longitude has a mean at around 127 o W, which is east of the mean location of surface CHI longitude (139 o W) and has a smaller standard deviation of 11.6 o than the surface CHI longitude (12.8 o ). The mean depth of the subsurface CHI is 72 m and the maximum CHI depth is 120 m.
[29] The long-term variation of the strength of subsurface warming during El Niño resembles that of surface warming. El Niños in the beginning of the record show strong subsurface warming, and strong warming occurs again at the end of the twentieth century (Figure 11a ). The longitudinal location of subsurface El Niño warming does not show prominent variation over the record (Figure 11b ). The depth of subsurface El Niño warming shows that there are shal lower warm events in the late twentieth century. Figure 12a shows the subsurface CHI longitude as a function of sur face CHI longitude. Although the subsurface CHI amplitude is well correlated to surface CHI amplitude (0.83), a correlation of only 0.6 exists between the CHI longitudes. Figure 12b shows the inter-metric correlation of CHI depth and CHI lon gitude for the subsurface. The mean depth of the 20 o C isotherm is overlaid in red. This shows that the subsurface CHI are 1871-2008, (b) 1980-2008, (c) 1950-1976, and (d) 1871-1941 . Anomalies less than 0 o C are shaded, and anomalies less than -0.5 o C are contoured at an interval of 0.2 o C. almost all located east of 170 o E and have a depth that follows the mean depth of the 20 o C isotherm (Figure 12b ). Thus the depth of El Niño warming in the eastern Pacific is shallow, occurring near the 20 o C isotherm, and thus contributes strongly to the surface warm anomaly. Vecchi and Soden [2007] use climate model experiments performed for the IPCC AR4 to show that the zonal tropical atmospheric circulation (Walker circulation) has weakened in recent years. This affects the tropical ocean circulation through reduced surface easterlies, a decreased mean depth of the equatorial thermocline and a reduced zonal equatorial thermocline slope. It is possible that with a reduced mean depth of the equatorial thermocline, an eastward propagating Kelvin wave prior to the peak phase of El Niño generates a strong warm anomaly in the subsurface, whose center of warming is closer to the surface. This may be the reason why El Niño events over the last few decades have a shallower center of warm anomaly, which has been further discussed by DiNezio et al. [2011] .
Summary and Conclusions
[30] We explore changes in ENSO frequency, and dura tion, and direction of propagation using an ocean reanalysis that spans the period from 1871 to 2008. A comparison with three SST reconstructions shows that the reanalysis and the reconstructions agree well in the timing of ENSO events. There are differences in the strength of the events, with the reanalysis generally showing stronger ENSO events than in the reconstructions in the first half of the record. The recon structions and the reanalysis show a centennial modulation in the strength of El Niño from late nineteenth century to late twentieth century. El Niño events in the late twentieth century (during periods of global warming) are as strong as the events in the late nineteenth century and early twentieth century (periods of little global warming). The mid-twentieth century is dominated by weak El Niño events. A closer look indicates that the strong El Niños undergo distinct modulation in strength compared to weak El Niños. Weak events occur consistently throughout the record but strong warm events appear to be weakening in the early part of the record and strengthening in the late part of the record. The strength of El Niño from 1970 onward increases, however the trend over the entire period (1871-2008) is negligible. The strength of cold events does not have such prominent multidecadal var iability. The results suggest that the variability in El Niño and La Niña strength is not due to anthropogenic global warming. However, there is prominent decadal modulation in El Niño strength, which could be part of its internal variability.
[31] Another feature of El Niño that is proposed to have changed due to global warming is its period. This study shows that the frequency of El Niño varies considerably over the record, with periods of time when ENSO occurs every other year to a period of almost ten years for which there is no El Niño event. For example, during the early twenty-first century there are frequent El Niño events and the period between 1930 and 1940 is distinct due to lack of El Niño. Periods before 1930 and after 1940 show a regular occur rence of El Niño events, however the mean frequency of El Niño does not change during the period of study. A sta tistical test is used to demonstrate that a population of 34 El Niño is too small to determine a change in the mean fre quency of the events. Rather hundreds of events are required to determine a change in the mean frequency of El Niño. Thus the period is too short to determine if El Niño and La Niña are affected by anthropogenic climate change.
[32] There is a change in the duration of El Niño events from before 1931 to after 1941. Before 1931 El Niño events were both long (�20 months) and short (�10 months), but after 1941 the duration of El Niño is more consistent, with duration of about 12 to 15 months. La Niña events generally last longer than El Niño events throughout the record. Recent cold events persist for long periods and are relatively few Figure 12. (a) Subsurface CHI longitude for temperature anomaly greater than 1 o C plotted as a function of CHI longitude for SST anomaly greater than 0.5 o C. The correlation between the two values is shown inside the plot. (b) CHI depth for subsurface temperature anomaly greater than 1 o C plotted as a function of CHI longitude for the same subsurface anomaly and overlaid by the mean position of the 20 o C isotherm. compared to warm events. There is a prominent asymmetry in the durations of El Niño and La Niña. The asymmetry could be due to differences in the dynamics of evolution of the two types of events. A second cooling in the eastern Pacific during the end of year 1 of La Niña events of 1980-2008 is also significant. This calls for a closer look into conditions favoring such an evolution of the cold anomaly.
[33] The direction of propagation of El Niño or La Niña anomalies does not show a significant change in the record, although there is a suggestion of propagation in anomalies warmer than 0. [34] The reanalysis is also used to explore subsurface anomalies during ENSO events. The mean location of CHI longitude in the subsurface is about 3 o east of the mean CHI longitude at the surface. The location of subsurface warming follows the mean position of the 20 o C isotherm depth as it shoals toward the east. As has been previously shown for SST, the distribution of the location of ENSO cannot be distinguished from a normal distribution centered in the central Pacific Ocean.
[35] Overall, there is no evidence that there are changes in the strength, frequency, duration, location or direction of propagation of El Niño and La Niña anomalies caused by global warming during the period from 1871 to 2008. In a recent paper Stevenson et al. [2012] suggest that changes in ENSO characteristics might not occur concurrent with changes in the climate. Instead, the impact of changing cli mate may cause ENSO to change more than a century after the change in the climate first occurs. In our study we show that a central Pacific warming cannot be distinguished from an eastern Pacific type warming in a record of 138 years of El Niño. As Newman et al.
[2011] point out, although anthropogenic forcing might drive changes in ENSO [Yeh et al., 2009] the changes are so small that with short data sets and comparatively small model ensembles Coelho and Goddard, 2009] it is hard to separate the anthropogenic from the natural variability. Thus, decadal change in the strength of El Niño could well be part of its natural variability.
[36] Climate change is an ongoing process that is expected to continue in the future, but how El Niño and La Niña vari ability will react to this change is yet unresolved. Both an increase and decrease in the intensity of El Niño activity under future climate change scenarios has been argued. Of course it is possible that global warming might influence ENSO tele connections instead of affecting the ENSO variation itself, although there are studies suggesting little change in ENSO teleconnections, at least in the tropics [Coelho and Goddard, 2009] . Other studies suggest that under future global warm ing scenarios the midlatitude drought areas will increase [Sheffield and Wood 2008] and the tropical cyclone intensity will increase [Knutson et al., 2010] . This could alter these El Niño teleconnections.
